In this paper we present an in depth investigation on the effects of epitaxial lift off (ELO) on GaAs MESFETs. DC and microwave characteristics as well as thermal effects are considered. Devices were fabricated on a GaAs foundry process and transplanted by ELO. ELO is a technology by which epitaxially grown layers are lifted off from their growth substrate and are subsequently re-attached to a new host substrate. Host materials considered are InP, quartz and silicon with resistivities ranging from 11 mΩcm to 50 Ωcm.
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layer is undercut by an extremely selective etchant (10:1 diluted HF). A slight surface tension in the wax layer causes an upwards-curling of the film during the etching of the AlAs-layer, thus enhancing the etching process. The ELO-film is then released from its growth substrate and can be subsequently attached to an arbitrary host material, such as InP, quartz or Si. Bonding is assured by Van der Waals forces. Details about the process are described in [2, 3, 4, 5] .
To enhance adhesion to the host material and planarize substrate irregularities a 300 nm thick polyimide (PI) layer (DuPont-Pyralin 2555) was deposited to the host material by spin coating prior the transplantation. Once the film is bonded onto the host, the wax is removed with trichlorethylene.
From a technological point of view the type of host material is uncritical. However, it is advantageous to use PI as an adhesion layer for better mechanical strength.
An 800 nm thick film of GaAs is partially transparent even for wavelengths in the visible range (400 ... 800 nm). Optical devices on ELO films can therefore be illuminated from the back side providing applications in OEIC. For an 800 nm thick film red light is transmitted with little absorption while on the other end of the visual spectrum considerable absorption is expected. Figure 1 shows a photograph of a chip transplanted onto quartz. The photograph on the left shows the chip from the front while the photograph on the right shows the same chip from the back, illuminated through the chip. One can clearly see the metallization and etched structure on the front side of the chip. The chip appears dark red since these wavelengths are absorbed less in GaAs.
III. ELO TRANSPLANTED MESFETs
MESFETs were transplanted onto SI InP, p type silicon with various conductivities, and quartz. Fig. 2 shows the square root of I dss (saturation current) and the transconductance g m versus V gs for V ds = 2 V 4 for 200 µm devices before and after transplantation. A small decrease in current levels as well as a small positive shift in V t is observed for all transplanted devices.
In order to average out process variations measurements have been performed on a large number of devices before and after transplantation. In Figures 3 and 4 the measured results of I dss and g m are summarized. Devices with various sizes before and after transplantation onto InP, quartz and Si are shown.
A reproducible drop in I dss and g m of 14 mA/mm and 16 mA/Vmm after ELO transplantation is visible. These changes are independent of device size. The slightly smaller decrease in I dss after transplantation onto InP is caused by slight differences in processing. Changes in the device characteristics are believed to be caused by two effects. First, devices after ELO operate at higher temperature as described later in this paper. The temperature increase however, only explains about half of the shift observed. Second, a new surface is exposed during ELO. We attribute this shift to a change in surface potential on the back side of the ELO film which causes a threshold shift as shown in Fig. 5 .
This threshold voltage shift is very reproducible. It is independent of substrate material or the resistivity of the substrate. However, since this shift is small and reproducible, it is not a major concern for circuit design.
Another important MESFET parameter is the gate leakage current. The gate-channel isolation of MESFETs is formed by a reverse biased Schottky diode. The gate could potentially be damaged during ELO due to high temperature processing steps and during the HF etch. For the gate a Ti adhesion layer is used. Ti is readily etched by HF. A complete seal is therefore important.
Measurements of the gate leakage current on several transplanted MESFETs showed no changes due to the ELO transplantation process.
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From the data presented it can be concluded that the host material has no influence on the DC characteristics of the transplanted MESFET even if the conductivity varies from 11 mΩcm to 10 18
Ωcm. No effects due to the piezoelectric properties of the quartz were observed either. However, no intentional mechanical stress was applied to the quartz.
Another concern of transplanted devices is the device's stability over time. Since ELO is a rather new technology, no long term reliability studies can be found in the literature.
[6] reports on a MESFET which was continuously operated for one hundred hours. No degradation was observed during this relatively short time frame. As a start, the long term stability of a transplanted MESFET was investigated. The saturation current I dss with V ds = 2 Volts (V gs = 0 V) over time is shown in Fig. 6 .
The device was operated for more than 1000 hours under identical conditions. As can be seen in Fig. 6 no significant change in the saturation current can be observed in this time frame. The small initial increase in I dss is also observed on devices before transplantation.
Clearly more investigations are necessary to prove that ELO devices are as reliable as standard MESFETs. Especially critical in this context might be temperature cycling. The thermal expansion coefficient of GaAs and the host material will, in most cases, be different. [7] observes that the ELO film slides on the host material during temperature change. However, the effects on reliability remain to be studied. The devices and circuits investigated here did not exhibit any damage or performance degradation due to repeated power cycling.
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IV. MEASURED RF PERFORMANCE OF TRANSPLANTED MESFETs
On wafer S-parameter measurements have been performed before and after ELO. In the case of a lossy substrate, the pad capacitances need to be extracted and de-embedded.
Intuitively one would expect the transit frequency, f T and the maximal oscillation frequency, f max to decrease with decreasing substrate resistivities. In 
V. ELO AND THERMAL RESISTANCE
Device temperature plays a key role in MESFET reliability. Due to the low thermal conductivity of the PI layer, an increase in device temperature is expected. Two methods were used to measure device temperature: an electrical method using the gate resistance and infrared microscopy.
For the electrical methods the device under test consists of a single gate 0.7x50 µm MESFET with two gate pads. This structure is ideal for temperature measurements using the temperature dependent gate resistance as a sensor. A calibration curve was obtained by measuring the gate resistance over temperature. The measured gate resistance increases from 7.7 Ω to 9.2 Ω for temperatures ranging from 20° C to 90° C.
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With this method, the device temperature under the gate can be measured during normal operation of the device. For a saturated FET, the hottest part of the device is under the gate towards the drain side, since most of the V ds voltage drop is located there. The distance between the heat source, located in the channel, and the gate metal is the depletion width of the Schottky diode. Since heat dissipation through the surface of the wafer is small, the small thermal resistance between the gate metal and the channel can be neglected. The gate temperature is therefore assumed to be close to the channel temperature.
Since an average gate temperature is obtained, a hot spots in the channel can not be detected. Fig. 8 shows the channel temperature versus DC-power before and after ELO onto InP. Before ELO two devices were measured showing nearly equal temperatures.
The devices were placed on a large copper block of 23 °C for cooling with no additional epoxy or silicone grease. Experiments have been performed to study the influence of the semiconductor-metal interface on device temperature. It has been found using infrared microscopy that for chips larger than 4x4 mm 2 the device temperature is independent of chip size.
In Fig. 8 a significant increase in device temperatures is observed due to the ELO transplantation process. The thermal resistance increases due to the ELO process from 575 K/W to 1350 K/W. The temperature after ELO is higher despite the fact the InP is a better heat conductor than GaAs (GaAs 0.46 W/cm K, InP 0.68 W/cm K). In addition the InP wafers used are thinner than the GaAs wafers because standard wafer thicknesses were used (GaAs 450 µm, InP 350 µm). The dominating factor is however, the 300 nm thick polyimide layer located between the GaAs film and the InP. The thermal conductivity of polyimide (PI) of 0.00147 W/cm K is three hundred times smaller than GaAs. Simple calculations using the above thermal conductivity of PI will result in even higher device temperature. It 8 is assumed that the effective thermal resistance of PI is reduced due to the extremely thin layer thickness or due to residual water content.
Temperature measurements were also performed using an infrared microscope. The measurements were performed with a COMPUTERM III from Barnes Engineering Division. This IR microscope allows absolute temperature measurement after a calibration procedure. During calibration the emissivity of every pixel of the DUT is measured. Since submicron gate FETs are below the resolution of IR microscopes, a thin film resistor measuring 120 µm x 100 µm was used for these investigations.
This test structure was transplanted onto InP, silicon and quartz. For comparison measurements before transplantation were also performed. Using DC probes, a current was applied to the resistor while the temperature of the device was observed through the IR microscope. Fig. 9 shows the maximum device temperatures measured versus applied electrical power. The prober stage temperature was held constant at 50 °C, wafer thicknesses are: GaAs 450 µm, InP 350 µm, Si 680 µm, Quartz 250 µm.
As for the transplanted FET a sizable increase in the resistor's temperature is observed after transplantation onto InP. A transplantation onto silicon leads to virtually no changes despite the significantly higher thermal conductivity of silicon. The decrease in thermal resistance by replacing the GaAs bulk material by silicon is compensated by the polyimide.
By transplanting the above resistor onto quartz, a significantly higher maximum temperature is observed, despite the fact that the wafer is thinner. Due to the polyimide one might expect a temperature increase of the whole GaAs film. However, IR pictures indicate that the GaAs chip is not heated outside the heat source to a higher temperature level than the substrate material underneath.
PI is commonly used in ELO technology as an adhesion layer in many labs worldwide. The temperature increases due to ELO shown in Fig. 8 and 9 is significant and has to be considered during circuit design, especially, if high power circuits are to be transplanted. The PI thickness should therefore be kept to an absolute minimum to avoid unacceptably high device temperatures.
VI. CONCLUSIONS
In this paper a systematic study on MESFETs transplanted by ELO onto various substrates was presented. The DC characteristics are independent of the host material. However, a reproducible material independent shift in the threshold voltage is observed. The effects on the device temperature are considerable due to the low thermal resistivity of the polyimide. Polyamide is commonly used as an adhesion layer in ELO technology. A transplantation of MESFETs onto low resistivity materials such as silicon will result in only a minor reduction in the RF performance. A substrate resistivity down to a few Ohm-centimeter is tolerable. Therefore, the ELO transplantation of GaAs circuits onto CMOS material is a feasible process with potential for optoelectronics and RF circuits. 
